Micellar electrokinetic chromatography (MEKC), which was introduced by Terabe et al. 1 is a variation of capillary electrophoresis (CE), where separation is a function of the distribution of the solutes between a micellar phase, working as a pseudo-stationary phase and an aqueous mobile phase, which are moving at different velocities with a fused-silica capillary.
Experimental

Apparatus
The experiments were carried out on a laboratory-assembled CE apparatus equipped with a multiwavelength UV detector. The UV signals were recorded at 214 nm. A fused-silica capillary of 60 cm length (effective length, 50 cm) and of 75 µm i.d. (Hebei Yongnian Optical Fiber Factory, China) was used as a separation tube. A high-voltage power supply that could provide a voltage from 0 to 30 kV was used to drive the separation.
Chemicals and reagents
Racemic primaquine was purchased from Sigma (St. Louis, MO, USA). Mono-3-O-phenylcarbamoyl-β-CD, 10 which had been used for the separation of many drugs by us before, was synthesized in our laboratory. α-, β-, γ-CD, 2,6-di-O-methyl-β-CD (DM-β-CD) and hydroxypropyl-β-CD (HP-β-CD) were obtained from Sigma (St. Louis, MO, USA). All organic solvents and other chemicals were of analytical grade. Sodium dodecyl sulfate (SDS), boric acid (H3BO3), sodium hydroxide (NaOH) and disodium tetraborate (Na2B4O7·10H2O) were obtained from Beijing Chemical Factory. Double-distilled water was used to prepare all solutions. Filters with a 0.25 µm pore size were used to filter all solutions.
Capillary electrophoresis
A new capillary was conditioned by flushing successively with 1.0 mol/L NaOH (overnight), and 0.1 mol/L NaOH (30 min), and then equilibrated with double-distilled water and running buffer each for 30 min before use. Between each injection, the capillary was rinsed with 0.1 mol/L NaOH (2 min), double-distilled water (2 min) and with the respective running buffer (5 min).
Samples were injected by an electrokinetic method at the anode; MEKC operations were run under a constant voltage at ambient temperature.
The resolution (Rs) for a pair of enantiomers was calculated using Rs = 2(t2 − t1)/(w2 + w1), where t1 and t2 are the migration times of the enantiomers measured in minutes; w2 and w1 are the peaks widths at the baseline of each enantiomer, designated as "1" and "2", and measured in minutes.
Result and Discussion
Effect of the type of chiral selector and CD concentration on chiral recognition
Enantiomeric separation depends on the type of CD. In the present experiment, six CDs (α-CD, β-CD, γ-CD, 2-HP-β-CD, DM-β-CD) and mono-3-O-phenylcarbamoyl-β-CD were used as chiral selectors to separate primaquine enantiomers. The experiments were performed with a BEG composed of a 15 mmol/L chiral selector, a 40 mmol/L SDS and 40 mmol/L borate at pH 9.0. However, the enantiomers could be separated only by mono-3-O-phenylcarbamoyl-β-CD. Thus, mono-3-Ophenylcarbamoyl-β-CD possessed a stronger ability for chiral separation than the other CDs and CD derivatives. The effect of the concentrations of mono-3-Ophenylcarbamoyl-β-CD on chiral separation was investigated over the concentration range of 0 to 25 mmol/L. Figure 2 shows the resolution (Rs) of primaquine at different mono-3-Ophenylcarbamoyl-β-CD concentrations. When the concentration of mono-3-O-phenylcarbamoyl-β-CD was increased, the resolution was improved and the migration time shortened, because a more stable inclusion complex of the solute with the CD is formed at higher CD concentration, and therefore migrates faster. When high concentrations of mono-3-O-phenylcarbamoyl-β-CD (25 mmol/L) were used, mono-3-Ophenylcarbamoyl-β-CD tended to be easily precipitated. This precipitation caused clogging of the capillary, and thus the reproducibility dropped dramatically. We therefore chose 15 mmol/L as the optimum concentration of mono-3-Ophenylcarbamoyl-β-CD in our study. Figure 3 shows the electropherogram of pirmaquine.
Effect of the SDS concentration
Although SDS was not regarded to be able to attain enantiomer separation, enantioseparation was also affected by the concentration of SDS. SDS monomers can have their hydrophobic tail concluded in the CD cavity along with the solute. This could change the nature of the solute and CD interaction, and consequently the resolution.
Surfactants above their critical miceller concentration (CMC) are normally employed when enhanced selectivity of CE separation is needed.
The effect of the concentrations of SDS on the migration time and resolution were investigated over the concentration range of 0 to 50 mmol/L. The migration times increased greatly from 16.05 to 21.30 min when the concentrations of SDS increased from 0 to 50 mmol/L. It may be that the increased fraction of the solute partitioning into the SDS micellar phase at higher SDS concentrations delays the migration time of the solute. The increase in the current was probably due to an increase in the sodium-ion concentration which originated from the SDS. Figure 4 shows the dependence of the resolution (Rs) on the SDS concentration. When the concentration of SDS was less than 10 mmol/L, primaquine could not be separated. Primaquine could be best separated when the concentration of SDS was higher than 30 mmol/L.
Effect of the buffer pH
The pH is one of the most important parameters for improving selectivity in CE. Because it affects both the charge of the analytes and the magnitude of the EOF. The effect of the running buffer pH on the resolution, which was studied in the pH range 7.0 -10.0, is shown in Fig. 5 . From Fig. 5 we can see that the optimum pH in our experiments was pH 9.0.
Effect of the buffer concentration
The effect of the borate concentration on Rs was also investigated over the range of 0 to 50 mmol/L at pH 9.0. When the concentrations of borate were increased from 0 to 50 mmol/L, we observed an improvement in the enantiomeric resolution and a lengthening of the migration time. This is 596 ANALYTICAL SCIENCES MAY 2002, VOL. 18 consistent with several publications that emphasize the use of a high ionic concentration of buffer solutions to improve the resolution and the peak shape. 8 However, high ionic concentration buffers increase the current generation and may lead to Joule heating. Figure 6 shows the effect of the borate concentration on Rs. A 40 mmol/L borate buffer was used in our experiments.
Effect of an organic modifier
The resolution in MEKC can be improved by modifying the buffer by adding some short-chain alcohols, which decrease the electroosmotic flow (EOF) and affinity of the hydrophobic solute for the micellar phase. 8, 9 In our study, methanol and 2-propanol were used as organic modifiers. The concentration of each organic modifier was 5% and 10%. Table 1 lists the effect of the content of each organic modifier on the resolution and migration times. It can be seen that the migration times were longer for 2-propanol than for methanol. The effect with methanol seems to be most pronounced.
Conclusion
Mono-3-O-phenylcarbamoyl-β-CD was effective for the chiral separation of primaquine by the CD-MEKC mode. The resolution was strongly influenced by the type and concentration of CD and other parameters, such as the buffer pH, the concentration of SDS and the organic modifier. The following conditions were used: 40 mmol/L borate buffer at pH 9.0 with 30 mmol/L SDS, 15 mmol/L mono-3-Ophenylcarbamoyl-β-CD and 5% methanol. Primaquine could be baseline separated (Rs = 2.47). The electrophoretic conditions were the same as in Fig. 3 . The electrophoretic conditions were the same as in Fig. 3 .
